We have investigated the dielectric properties of a porous glass ͑Vycor 7930, typical pore radius: Ϸ3 nm͒ with submonolayer coverages of H 2 , HD, or D 2 on the pore surface by means of a capacitive technique between 5 and 20 K. The adsorption of hydrogen influences, depending on the hydrogen species as well as on the coverage, the dielectric glass properties. We discuss our observations in terms of the thermally activated dynamics of atoms in the combined glass/hydrogen system, where atoms denote atoms which build the porous glass as well as adsorbed hydrogen molecules. ͓S0163-1829͑97͒51822-4͔ Confined molecular systems have been attracting a lot of attention since such molecules show very different characteristics compared to their bulk counterparts. One prominent example is the nature of phase transitions of such materials confined into restricting geometries, which is different from the bulk behavior, as can be seen from freezing temperature depression ͑see our previous publication 1 and references therein͒, different critical exponents at the phase transitions, 2 and the phase separation behavior of binary liquids. 3 The dynamics of confined molecular systems are also of great interest. 4, 5 However, the confining geometries are often assumed to be inert or not dynamic and any modification of the restricting geometries by the confined materials is ignored. In this work, we present clear evidence of such a modification even by small amounts of adsorbed molecular hydrogen and of the dynamic behavior of restricting geometries, in our case porous Vycor glass, a popular material for studying size effects. At the end of this paper, we also discuss the possible connection of our observations to more general ͑nonporous͒ glassy behavior, such as two-level systems ͑TLS͒.
Confined molecular systems have been attracting a lot of attention since such molecules show very different characteristics compared to their bulk counterparts. One prominent example is the nature of phase transitions of such materials confined into restricting geometries, which is different from the bulk behavior, as can be seen from freezing temperature depression ͑see our previous publication 1 and references therein͒, different critical exponents at the phase transitions, 2 and the phase separation behavior of binary liquids. 3 The dynamics of confined molecular systems are also of great interest. 4, 5 However, the confining geometries are often assumed to be inert or not dynamic and any modification of the restricting geometries by the confined materials is ignored. In this work, we present clear evidence of such a modification even by small amounts of adsorbed molecular hydrogen and of the dynamic behavior of restricting geometries, in our case porous Vycor glass, a popular material for studying size effects. At the end of this paper, we also discuss the possible connection of our observations to more general ͑nonporous͒ glassy behavior, such as two-level systems ͑TLS͒. 6 By measuring the dielectric properties of a porous glass and the effect of adsorbed hydrogen molecules on them, we have investigated the low-energy excitations of the glass between 5 and 20 K. We chose hydrogen as adsorbate because of its variety of isotopes ͑H 2 , HD, and D 2 ) and different shapes ͑different electric moments͒ even for the same isotope ͑ortho-and para-species͒. For the sample we selected Vycor glass because of its large surface area (Ϸ240 m 2 /cm 3 ). It consists of almost pure SiO 2 like vitreous silica and is a porous glass with a typical pore radius of about 3 nm. 7 This means that more than 40% of the atoms are situated within 1 nm from the pore surface. Vycor shows typical lowtemperature glassy behavior in its thermal 8 and acoustic 9 properties. The surface of its pores is similar to that of bulk glass according to adsorption measurements. 10 Porous Vycor glass provides therefore a unique possibility to investigate the microscopic properties of the low-energy excitations of the glass by influencing its structure: the effect of adsorbed hydrogen molecules on the glass properties. With a similar motivation, the effect of adsorbed helium on the properties of Vycor glass were investigated in Ref. 9 . However, the interactions between helium atoms and Vycor are not strong enough to modify the glass structure. despite its porous structure, as can be seen in Fig. 1 . An enlargement of the low-temperature part reveals a linear temperature dependence of both capacitance and loss between 5 and 20 K. 12 For the measurements presented in this paper, we restricted the amount of hydrogen in the pores to less than about 11% of the open pore volume. Below this limit the hydrogen molecules stay in the Vycor in the whole examined temperature region, and form a strongly bound amorphous surface layer on the glass. 1 We point out that the volume of the first layer of adsorbed hydrogen corresponds to about 20% of the open volume, and that therefore only a fraction of the pore surface is covered with hydrogen in our experiment.
We first discuss the dielectric properties of Vycor glass plus hydrogen as a function of the amount n of HD adsorbed on the pore surface ͑filling fraction n/n o between 1.6 and 10.7%͒. The temperature dependencies of the loss component, after subtracting the values of Vycor alone, ⌬G(T) are shown in Fig. 2͑a͒ . They exhibit a pronounced maximum at a filling-dependent peak temperature T peak , although neither Vycor glass ͑see Fig. 1͒ nor HD molecules 13 show such a behavior in their dielectric properties in this temperature range. The peak heights of ⌬G(T) for different amounts of HD are almost the same despite the large difference in the amount of adsorbed HD molecules. A few Kelvin above these peak temperatures, the combined capacitances C Vycor ϩ HD for each amount of HD are nearly parallel to that of the Vycor glass C Vycor alone, see HD molecules on the total capacitance is almost additive at these temperatures. The slightly different slopes of C Vycor ϩ HD and C Vycor in this temperature range might be caused by the complicated ''geometrical intermixing'' of the binary mixture of the dielectrics hydrogen and glass due to the porous structure. 14 Below the peak temperature, however, the effect of HD molecules on the capacitance is not additive to the capacitance of the porous glass. C(T) of the system Vycor/HD drops at TϽT peak even below that of the Vycor alone.
A maximum in the loss generally occurs when the relaxation time of a system in a time-dependent external field is of the same order as the characteristic time of this field. In our case, the changing external field is the ac electrical field used for the capacitance measurements. The observed peak in the dielectric loss therefore indicates that some of the atoms ͑or groups of atoms͒ of the glass/HD system can move or rotate according to the change of an external electric field at TуT peak while they freeze out at temperatures clearly below T peak . The nonproportionality of the peak heights in ⌬G(T) to the amount of adsorbed HD and the strong coverage-dependence of T peak indicate that the HD molecules are not independent from each other, but that they interact. As an explanation we propose that the adsorbed hydrogen molecules form islands on the pore surface. This island formation was also suggested by de Kinder et al. 15 and by Huber and Huber. 16 The results shown in Fig. 2͑a͒ mean that the atoms in smaller islands are less movable than those in larger ones, because the maximum loss occurs at higher temperatures for smaller HD fillings. It implies that the more atoms are involved, the smaller is the free-energy difference between different structural configurations. 17 This argument is often used in the case of TLS at low temperatures. 18, 19 Note that not only HD molecules but also the atoms ͑or small groups of atoms such as SiO 4 tetrahedra͒ in the Vycor glass must be regarded as the atoms in the islands, since at low temperatures the capacitances of the system Vycor/HD are smaller than that of the Vycor glass alone. This observation clearly proves that the adsorption of hydrogen changes the dynamics of the whole system or modifies the glass properties.
In order to confirm our argument concerning a relaxation process, we have investigated T peak as a function of the frequency of the external electric field with 11.5 mole adsorbed para-H 2 (n/n o ϭ1.6%͒; the results are shown in Fig. 3 . The faster the external field changes, the higher is the peak temperature: A thermal-activation-type motion takes place with an activation energy of about 180 K for this p-H 2 filling.
Furthermore, we have investigated the effect of orthoand para-H 2 adsorbed on the pore surface on the combined dielectric properties. The experimental procedure is the following. Twenty four hours after the adsorption of 37 mole of normal-H 2 (n/n o ϭ10.8%͒, the temperature dependence of the dielectric properties is measured. ⌬G(T) exhibits a peak at 7.5 K while the combined capacitance C Vycor ϩ H 2 becomes smaller than that of Vycor alone at TϽ7 K as can be seen in Fig. 4 . During the following 13 days, the maximum in ⌬G(T) at 7.5 K strongly decreases in height and shifts to higher temperatures, while the loss at 5.7 K increases continuously; this time dependence is demonstrated in Fig. 4 . It seems that a new maximum is developing below 5.7 K, while the first one vanishes. The combined capacitance C Vycor ϩ H 2 at low temperatures increases with time and finally its temperature dependence is almost parallel to that of the Vycor alone in our examined temperature range. The time constant of these changes in capacitance and loss is in reasonable agreement with that of the bulk ortho-para conversion. We therefore assign the loss peak at 7.5 K to the ortho-molecules in the system and the one arising below 5.7 K to the para-species. By shifting the measured, corresponding temperature dependence for the equivalent HD filling ͓ᮀ in Fig. 2͑a͔͒ along the temperature axis to match the increase at 5.7 K, we estimated a peak temperature of 4.5 K for this ''para-H 2 peak.' ' The different temperature for the location of the loss maxima observed for o-and p-H 2 means that the effective adsorption potential for them must be quite different. In our previous publication, 1 we concluded that the surface of the Vycor pores is atomically rough. Therefore, we expect an anisotropic potential from the surface with a characteristic length scale of the order of molecular hydrogen. This anisotropy can only be ''seen'' by the o-H 2 molecules, which have an electric quadrupole moment in contrast to the spherical p-H 2 . We propose that this anisotropic surface potential is responsible for the difference in the peak temperatures, as discussed in the case of preferential adsorption of o-H 2 with respect to p-H 2 on an amorphous ice surface. 20 For n-D 2 in Vycor (n/n o ϭ10.8%͒ we find qualitatively similar results as for n-H 2 , which confirms the above argument: Again, 22 hours after adsorption, we observe a loss peak, now at 7.7 K ͓see inset of Fig. 4͑a͔͒ . This maximum, which we attribute to para-D 2 , clearly decreases during the following two weeks and finally disappears, while a second one, the ''ortho-D 2 -peak,'' builds up at 6.7 K. The observation that the peak temperature does not scale with the mass of the adsorbed hydrogen isotopes for the same filling fraction confirms that the relaxation motion cannot be attributed to the hydrogen alone, but must include the glass atoms.
The low-temperature behavior of glass can phenomenologically be explained in terms of the model of tunneling TLS. These TLS are believed to be two nearly equivalent configurations of atoms corresponding to the minima of an asymmetric double-well potential. 6 Tielbürger et al. 21 extended the TLS model to higher temperatures where thermally activated transitions among levels become more relevant than tunneling processes. The acoustic properties of glasses were successfully explained with this model in wide temperature ͑0.1 KϽTϽ100 K͒ and frequency ͑400 Hz ϽϽ36 GHz͒ ranges. To explain the microscopic origin of the glass tunneling states, Cohen and Grest applied the freevolume theory. 19, 22 In their model voids exist in glass, and atoms facing these voids can move more easily than those inside of the matter. In the case of a porous glass, pores may be considered as interconnected voids of the Cohen-Grest model in terms of the dynamics of glass atoms: Atoms facing pores should show the same dynamics as those facing voids in bulk glasses. At high temperatures, adsorbed hydrogen is more movable and thus has no strong influence on the dynamics of the configuration of glass atoms. On the other hand, at low temperatures, glass atoms facing the pore ͑void͒ are covered with hydrogen which is less movable: 23 The adsorbed hydrogen effectively ''removes'' the pore ͑void͒, ''seen'' before by the glass atoms. Therefore, our observations could be considered as a confirmation of the void model. In the case of bulk glasses unlike porous glass, there is no pass available to access the void surface from the outside.
In summary, we have investigated the dynamics of almost degenerate atomic configurations in a porous glass sample between 5 and 20 K by influencing them by hydrogen adsorption. We find that at the high temperature end there is no large influence of hydrogen adsorbed on the pore surface on the glass properties, whereas at the low temperature end the glass structure is effectively modified by adsorbed hydrogen molecules, which changes the dielectric properties of the porous glass. Furthermore, the dielectric properties of the glass/ hydrogen system are determined by thermally activated structural relaxation processes at these temperatures depending both on the hydrogen species as well as on the hydrogen coverage.
